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Magnetic fields everywhere

Planets

[here: Earth,
credit: iIStock]
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Stars

[here: Sun, credit:
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Interstellar Galaxies

medium [here: M51, credit:

[here: Orion molec- Beck 2011]
ular cloud, credit:
ESA and Planck
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Galaxy clusters

[here: MACS J0717.

5+3745, credit:

NASA, ESA, CXC,
NRAO/AUI/
NSF, STScl]
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Astrophysical magnetic fields

 Biermann battery (Biermann 1950) in ideal MHD (flux freezing)
interactions of ¢ 4+ Y-y (Mishustin & Ruzmaikin 1972):
= seed field B,..; ~ 107G 5o b o Byp
COmB[‘.
e B4+ flux freezing + compression L B l
=3 LN 10°B._., ~ 107 14G: too weak!
seed seed ' '
Po
* need a dynamically amplified field compr.
| B \turb.
. 0tB =VX(vXB)+r7 V?B compression

B =B, B  Byp*"




Astrophysical magnetic fields

 Biermann battery (Biermann 1950) in ideal MHD (flux freezing)
interactions of ¢ 4+ Y-y (Mishustin & Ruzmaikin 1972):
= seed field B4 ~ 107G By B o Byp
comgr.
B...4 + flux freezing + compression 1L B
=3 LN 10°B._., ~ 107 14G: too weak!
seed seed ' '
Po
need a dynamically amplified field compr. \
| B turb.
OtB = VX(vXDB)+ M compression
B — BO B B0p2/3

ideal MHD (ionisation > 1079
no free parameters, theory “fully” understood




Magnetic field strength

« dynamo: convert k. — E_ « difficulty of understanding B:

provide sufficient/relevant conditions
(high Re, , high Re)

g

» saturation £, & 0.1 — 0.3 Ey,

small scale dynamo (fast) galactic a-£2 dynamo (slow)
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Cosmic rays facts

1912 discovery by Victor Hess (balloon experiment)

no rays, but high energy particles (p,e*,e ", . ..)

low-E CRs (Padovani+2020)

Large cross section with gas

Strong losses

heating of dense star forming regions

GeV CRs (Ferriere 2001, Ruszkowsky & Pfrommer 20
Most of energy (weak losses)
Dynamically relevant via pressure:

similar E-densities: e.. ~ €., ~ €erm ™~ €

high-E CRs (Kotera&Olinto 2011)

Low integrated energy

Extragalactic

important as observational diagnostics
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Motivation for CRs in galaxies

classical stellar feedback too weak

- different process required

» evidence for strong outflows

| i ltitud :
:-"cr)rfle’:r):lerprlrj\ra'}lscllrit\lle?\ * IN a” phaseS! H y Ha H2
& outflows

e classical stellar feedback

e cools too fast (SNe)

« does not couple enough (y)

S%IN2014J 'Jaf‘uar?/31,2014 ° tOO Weak
| (winds, protost. outflows)




CR Transport illustrated

Advection

ideal case
* CR gyrate around B . o :

e vertical motions of B
= coupled to motions of CRs

e gas (partially) ionized

e ideal MHD, B frozen in gas

« CR& B & gas

e advection with the gas




CR Transport illustrated

Diffusion

perturbed field

e perturbed field

» scattering off of B irregularities

o elastic scattering = diffusion

e realistic environment:
turbulent 3D

» diffusion relative to the gas

o diffusion mainly along B




Back reaction CR < B

Streaming instability (Skilling 1975)

e back-reaction onto B-field, gyro-resonances
= no simple diffusion B

= transport + E-transfer £, & E

Cosmic ray

mag
e bulk of CRs streams with Alfvéen speed, T
Alfvén heating g sketh: Jacob
e equate growth and damping (Wiener+ 2013) advection  diffusion  streaming -
1_‘glrowth = 1—‘NLLD T 1ﬂin = H = — \ VPcr 0.8
* new self-consistent PIC models )
(Shalaby et al. 2021/2023) . 06
= K i 0.4
many unknowns concerning —
- transport speeds |||_||| 0.2
- energy exchange - - __ 0.0
Vadvl Nor VUt

Thomas, CP, EnB3lin (2020)



only
integrated
energy

CR+MHD (in grey approximation)

dp

+ V- -(pv) =0

ot
: aeCI’ . .
advection p -V - (ech) = —p.V -V adiabatic
[
— VF, — Acr streaming
+ V- (K : Vecr) diffusion
Prot = Ptherm T Pmag T Per +0, sources/sinks
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different setups

stratified boxes (ISM)

6 ADV DIF DEC 102

x |[kpc]

Hanasz+ 2003, Girichidis+ 2016,2018,
Simpson+ 2016, Dubois+ 2016,
Farber+ 2018, Armillotta+ 18,21,23
Commercon+ 2019, Butsky+ 2020,
Rathjen+ 2021,2022
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Booth+ 2013, Ruszkowski+ 20173,
Pakmor+ 2016, Pfrommer+ 2017,
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Thomas+ 2021,2023, Farcy+ 2022,
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IS M eVO I Uti o n With O Ut C R S Girichidis et al. 2018a, based on SILCC setup (Walch+ 2015, Girichidis-+2016)
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80 Myr 90 Myr 100 Myr 110 Myr 120 Myr 130 Myr 140 Myr 150 Myr
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IS M eVOI Uti O N (therm +C R S) Girichidis et al. 2018a, based on SILCC setup (Walch+ 2015, Girichidis+2016)
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IS M eVOI Uti O N (therm +C R S) Girichidis et al. 2018a, based on SILCC setup (Walch+ 2015, Girichidis+2016)
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Halo mass dependence

 CR power for outflows is limited
e above M ~ 3 x 101 M, no outflows

e depends on injection efficiency

* high diffusivity, weaker mass loading

: N Heckman+ 2015+ 3
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e In dwart:

* in MW:

Vadv / Vdiff

CR transport mainly advective

CR transport mainly diffusive
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Pakmor et al. 2016

CR-driven dynamo

Isotropic vs. anisotropic diffusion —

- compare o7
- Isotropic diffusion
- anisotropic diffusion along field lines
* impact on B-field strength
enhance Parker loops (Parker 1992)

» stronger a effect
(Hanasz & Lesch 2000, Lesch & Hanasz 2003) AT
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Cosmological zoom-ins :
turbulent CGM, accretion :
104,
. . , B S (£ A 0%
* Include realistic environment around Density s (em) Density ng (cm )
galaxies (turb. & accretion) T S ——

Buck et al. 2020

Aué-CRadv '

o effect of CRs extends >100kpc into
halo (T, X.. = P_./P,
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More accurate coupling CR < gas+B

CR energy |erg|
* new approach in fluid approximation 1047 108 10% 10% 105 10%2 105 10

e Thomas+ 2019,2021,2022:
e follow CR energy AND energy in magnetic waves

e averaged over p, given fixed spectrum 1036
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Extension to spectral code
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z (kpc)

y (kpc)

temperature and CR content

* high-E CRs escape faster

variations in spectral shape and D = (D(p)).

e larger region of cold CGM
impact on gal. fountain
* larger region with CR dominated pressure
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E? Fg [MeV cm™2 s~ 1]

Connection to gamma rays

o Steady state vs. full spectrum werhahn+ 2021abc, 2023)
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Summary

 Magnetic fields need efficient dynamo conditions!

* high resolution, resolved vortices (or subgrid model)

« CRs cool less efficiently than thermal gas and e.. ~ ;.. ~ €4 arm ™~ €mag

* CR drive outflows from galaxy and substantially change CGM
* big construction sites in CR physics

* transport details (diffusion/streaming, transport speed)

 details of the spectrum (high-E < y-rays, low-E < ionisation rate)



